Lasing action in disordered media has been studied extensively in recent years and many of its properties are well understood. However, few studies have considered the spatial coherence in these systems, despite initial observations indicating that random lasers exhibit much lower spatial coherence than conventional lasers. We performed a systematic, experimental investigation of the spatial coherence of random laser emission as a function of the scattering mean free path and the excitation volume. Lasing was achieved under optical excitation and spatial coherence was characterized by imaging the emission spot onto a Young's double slit and collecting the interference fringes in the far field. We observed dramatic differences in the spatial coherence within our parameter space. Specifically, we found that samples with a shorter mean free path relative to the excitation volume exhibited reduced spatial coherence. We provide a qualitative explanation of our experimental observations in terms of the number of excited modes and their spatial orientation. This work provides a means to realize intense, spatially incoherent laser emission for applications in which speckle or spatial cross talk limits performance.
INTRODUCTION
Over the past two decades, random lasers have been the subject of extensive theoretical and experimental studies 1, 2 . Coherence is among the many properties of random lasers which have been investigated and the temporal coherence 3, 4 and second-order coherence [5] [6] [7] are well understood. However, few studies have considered the spatial coherence of random laser emission, despite initial observations indicating that it is much lower than in a conventional laser 4, [8] [9] [10] . The spatial coherence of random lasers is not only of fundamental interest, but the development of an intense, spatially incoherent light source could lead to applications in which a random laser could outperform a conventional laser. For example, optical coherence tomography 11 and laser ranging 12 are both limited by spatial cross talk and speckle and could benefit from the development of an intense, spatially incoherent light source. In this work, we present a systematic, experimental investigation of the spatial coherence of random laser emission. Specifically, we consider the effect of the scatterer concentration, excitation volume, and pump intensity on the spatial coherence. Based on our experimental observations, we are able to identify regimes of operation in which a random laser provides spatially incoherent emission which could be used as a speckle-free laser probe beam.
EXPERIMENTAL SETUP
We prepared random laser samples consisting of an active laser dye solution and passive polystyrene spheres as scattering elements. The dye solution was composed of 5 mMol of Rhodmaine 640 dissolved in diethylene glycol (DEG). The polystyrene spheres were each ~240 nm in diameter and their scattering cross section in DEG, σ, was calculated to be 1.67×10 -11 cm 2 . By varying the concentration of the spheres we were able to adjust the scattering mean free path. We fabricated samples with polystyrene sphere concentrations, ρ, of 1.2×10 12 cm -3 , 6.1×10 12 cm -3 , and 1.2×10 13 cm -3 . Since the average distance between adjacent scatterers was much larger than the diameter of the scattering cross section, light scattering by individual spheres was independent, and the scattering mean free path was estimated by l s =(ρσ) -1 to be 500 μm, 100 μm, and 50 μm, respectively.
We characterized the spatial coherence of the emission from each of these samples under varying excitation conditions. To study the spatial coherence, we employed a Young's double slit experiment, based on the technique developed in Ref. 4 . In this experiment, the emission spot on the sample surface was imaged onto a screen with two slits and the far-field interference pattern was recorded. The visibility of the fringes in the interference pattern provided a measure of the degree of coherence between pairs of points on the emission spot which were imaged to the separate slits. That is, a measure of the spatial coherence between points separated by a distance equal to the slit separation divided by the magnification of the imaging optics. By adjusting the magnification of the imaging optics we were therefore able to change the distance between pairs of points on the emission spot which were imaged onto the separate slits. This allowed us to characterize the degree of coherence between two points separated by an arbitrary distance.
A schematic of the experimental setup is presented in figure 1 . The dye solution was optically excited with a frequencydoubled Nd:YAG laser (wavelength λ = 532 nm) with 30 ps pulses at a repetition rate of 10 Hz. The pump beam was focused via a spherical lens (SL1) onto the solution through the front window of the cuvette. By adjusting the position of SL1 we were able to control the excitation spot size. The excitation volume in the solution was imaged through the side window of the cuvette using a charge-coupled-device camera (CCD1) with a 20× long-working-distance objective. The cuvette was rotated ~10° with respect to the pump beam to avoid feedback from the front window affecting the lasing modes 13 . The emission along the x-axis was partially reflected by a beam splitter (BS1) and focused by a spherical lens (SL2) onto a screen with double slits. SL2 was positioned such that the emission spot on the front cuvette window was imaged onto the surface of the double-slit screen with a magnification, M. The slits, oriented parallel to the y-axis, were 150 μm wide, and the center to center spacing was 750 μm. On the far side of the double slit screen, a cylindrical lens (CL) was oriented along the y-axis with a second camera (CCD2) positioned at its back focal plane. This configuration allowed us to measure the far field interference pattern from the double slits. Part of the emission that transmitted through BS1 was directed by a second beam splitter (BS2) and a spherical lens (SL3) to a fiber bundle (FB) that was connected to a spectrometer for simultaneous measurements of the emission spectrum. Note that long pass filters (not shown) were positioned in front of both CCD cameras and the fiber bundle to block the scattered pump light. Figure 1 . Experimental setup for characterizing the spatial coherence of random laser emission. The Nd:YAG pump laser (dashed line) is focused via a spherical lens (SL1) onto the random laser sample (RL). The excitation volume is monitored from the side using a charge-coupled-device camera (CCD1). The random laser emission (solid line) is redirected via a beamsplitter (BS1) and imaged via SL2 onto a Young's double slit (DS). The interference pattern from the double slit is measured using CCD2, positioned at the back focal plane of a cylindrical lens (CL). The slits and the cylindrical lens are both oriented along the y-axis. A second beamsplitter (BS2) and lens (SL3) redirects part of the random laser emission to a fiber bundle (FB) which is connected to a spectrometer for simultaneous measurements of the emission spectrum. Long pass filters (not shown) are positioned in front of the CCDs and the fiber bundle to block scattered pump light.
With this setup, we experimentally studied the effect of the excitation volume on the spatial coherence by changing the pump spot size via SL1 while fixing the distance between the probe points on the sample surface that were imaged onto the double slits (i.e. fixing the position of SL2 and the double slit screen). Separately, the coherence between points with varying separation was probed by changing the magnification with which the emission spot was imaged to the double slit via SL2, while keeping the pump condition constant. To ensure that our imaging system did not artificially enhance the spatial coherence, we determined that the image of the emission spot on the double slit had spatial resolution better than 15 μm by replacing the sample with a calibrated target. Since the separation between the two slits is much larger than 15 μm, the emission from a single point could not be imaged onto both slits.
RESULTS AND DISCUSSION
We present representative measurements collected from two of the samples with varying excitation spot sizes in figure 2. Each column of figure 2 corresponds to a fixed sample/pump configuration, denoted by the scattering mean free path of the sample, l s , and the diameter of the pump spot, d, as indicated in the side view images of the excitation volume presented in the first row. These sideview images were collected with CCD1. In the second row, we present the normalized lasing spectra collected with the pump power set to twice the lasing threshold. In the third row, we present the interference fringe images collected by CCD2. In the fourth row, we present the average cross sections of the interference fringe images which were used to calculate the degree of coherence, γ. Figure 2 . Random laser characterization. Each column corresponds to a set of measurements recorded for a given sample, specified by the mean free path, l s , excited with a pump spot with diameter d. In the top row, we present sideview images of the excitation volume taken with CCD1. The scale bar is 100 μm. In the second row, we present the normalized lasing spectra collected with the pump power set to twice the lasing threshold. In the third row, we present the interference fringe image collected by CCD2, behind the double slit. The scale bar is 200 μm. In the fourth row, we present averages of the cross section of the interference image. These cross sections were used to calculate the mutual coherence function, γ.
We first consider the spatial coherence of a weakly scattering sample (l s = 500 μm) excited with a small pump spot (d = 215 μm). Measurements corresponding to this sample/pump configuration are presented in the second column of figure 2. The single-shot emission spectra consisted of narrow lasing peaks on top of a broad-band amplified spontaneous emission (ASE). The interference fringes collected by CCD2 are presented in the third row of figure 2. The magnification of the imaging optics was set to 6, thereby providing a measure of the spatial coherence between points on the emission spot separated by 125 μm. We observed vertical interference fringes (oriented along the y-axis) with high contrast. The envelope of the interference fringes was dictated by the slit width and the decay of the fringe visibility away from the center fringe was dictated by the temporal coherence, so our discussion will focus on the visibility of the center fringe. The strong fringe contrast implied a high spatial coherence, which had not been observed before in a random laser. Even more surprisingly, the fringes appeared in uniform vertical lines which did not shift from one pump pulse to the next. This indicated that every pair of emission points (of same y coordinates) along the two slits had the same phase difference, and that it did not change from shot to shot.
To confirm that the vertical fringes were not an experimental artifact, we measured the interference pattern generated by scattering a spatially coherent He:Ne laser (operating at λ = 632.8 nm, close to the random laser emission wavelength) off the polystyrene spheres in the same sample. The scattered light was imaged to the double slit as in the normal setup. Effectively this meant replacing the Nd:YAG pump laser with a He:Ne probe laser. Note that the cuvette was rotated so that specularly reflected light was not imaged to the double slit. The phase of the scattered He:Ne laser light was scrambled by the polystyrene spheres and varied in both x and y directions on the double-slit screen. As a result, we observed discrete rows of interference fringes, each with a random offset along the x-axis, similar to those presented in Ref. 4 . Because the relative phase between pairs of points (of same y coordinates) changed along the slits, their fringes were shifted to varying positions along the x-axis.
After eliminating the possibility of an experimental artifact introducing the vertical fringes observed from our weakly scattering random laser sample, we repeated the spatial coherence experiment on a sample of Rhodamine 640 in DEG without polystyrene spheres. This sample only exhibited ASE, as no scattering elements were present to provide feedback for lasing 14 . Nonetheless, when we excited this sample with a similarly sized pump spot (d~215 μm), we again observed vertical interference fringes with high visibility. To explain this behavior, we note that most of the ASE begins with a relatively small number of spontaneous emission events. The spontaneously emitted photons which travel in the gain medium for the longest distance will experience the most amplification. The shape of the excitation volume therefore plays a crucial role in determining the strength of the emission in a given direction. The sideview image of the excitation spot in the ASE sample revealed an elongated, conical spot whose length along the x-axis was longer than its width along the y-axis. As a result, most of the emission imaged to the double slit originated from a few spontaneous emission events at the tip of cone which were amplified along the x-axis. Hence, the ASE leaving the front window of the cuvette exhibited a uniform phase front, and generated vertical fringes centered on the optical axis between the two slits. This behavior was similar to that of a superluminescent diode (SLD) which is known to exhibit high spatial coherence 15 .
Our observation of spatially coherent ASE helped us explain the spatially coherent emission from the weakly scattering random laser. In the weakly scattering sample, the scattering mean free path, l s , was much longer than the absorption length, l a , of the pump light, so the shape of the excitation volume was determined primarily by l a and therefore exhibited an elongated conical shape similar to the excitation volume in the ASE sample. In this type of dye-based random laser, the excitation volume has a significant influence on the lasing modes which are excited because the dye-solution is lossy outside the excitation volume. As a result, the excited lasing modes tend to be the modes which are oriented primarily along the longest dimension of the gain volume. In the case of an elongated, conical excitation volume, most of the modes are oriented along the axis of the cone and experience weak feedback due to the long mean free path relative to the size of the excitation volume. Because optical scattering was weak, the laser emission collected through the front window of the cuvette exhibited a relatively constant phase front for each lasing mode. Consequently, the interference fringes produced by the double slit were vertical and centered on the optical axis between the two slits for each mode. In addition, the fringe position did not change between pulses, since the modes in each pulse exhibited uniform phase fronts.
Still considering the weakly scattering sample with a mean free path of 500 μm, we then enlarged the excitation spot size. As shown in the third and fourth column of figure 2, we found that as the spot size increased, the visibility of the interference fringes decreased. As the pump spot diameter d increased, the shape changed so that the width of the excitation cone became comparable to the depth (the first row of figure 2 ). Light amplification along the cone axis was no longer stronger than in other directions and the lasing modes no longer preferentially oriented themselves along the xaxis. As a result, the laser emission collected via the front cuvette window no longer exhibited a constant phase front. The larger gain volume also supported more lasing modes. With the pump power fixed at twice the lasing threshold, the number of lasing peaks increased with d and eventually the peaks were so close to each other that they could no longer be resolved spectrally; instead they merged to form a continuous band (the second row of figure 2 ). The contribution of a large number of lasing modes with uncorrelated phase relationship reduced the spatial coherence of laser emission, as evidenced by the reduced visibility of the interference fringes shown in the last row of figure 2.
Next, we consider samples with high scatterer concentrations and shorter scattering mean free paths. For the same excitation spot size, we observed a decrease in the visibility of the interference fringes as the mean free path decreased. The first column of figure 2 shows the data for a sample of l s = 50 μm excited with a 215 μm diameter pump spot. As l s became comparable to or even smaller than l a , the excitation volume changed from the elongated conical shape observed in the weakly scattering case to a hemispherical excitation volume. As a result the lasing modes in the strongly scattering samples did not preferentially orient themselves along the x-axis and therefore did not leave the cuvette with a uniform phase front. Meanwhile the number of lasing peaks increased in the stronger scattering samples due to stronger feedback leading to a smaller effective mode volume. With the pump power set to twice the lasing threshold there were already enough modes excited so that the lasing spectrum appeared smooth, as shown in the second row of figure 2 . The large number of lasing modes, each with uncorrelated phase fronts served to reduce the spatial coherence in the strongly scattering sample.
To quantitatively describe the degree of spatial coherence, we computed the mutual coherence function, γ, from the interference fringe images. The degree of coherence between two fields, E 1 and E 2 , is defined as In our coherence measurement, the double slit was centered on the image of the emission spot to ensure equal intensity on the two slits, I 1 = I 2 . We computed the coherence from the central fringes on the optical axis, so that the relative delay of light from both slits was zero. The mutual coherence function then reduced to the visibility, γ = (I max -I min )/ (I max + I min ), where I max and I min are the maximal and minimal intensities of the interference fringes. To compute the visibility, we averaged the interference intensity along the slits (y-axis), yielding the plots on the last row of figure 2. We then took I max as the peak intensity of the center fringe, and I min as the average intensity of the two neighboring minima. The spatial coherence decreases for samples with a shorter mean free path or when excited with a larger pump spot. The inset shows the coherence at three spatial distances, measured on the sample with a 500 μm mean free path. The coherence decreases for larger separations due to the finite mode size.
In figure 3 , we compile the mutual coherence function, γ, computed from measurements of the interference fringes on four samples with six different pump spot sizes. The magnification of the imaging optics was fixed at 6, thereby providing a measure of the coherence between pairs of points separated by 125 μm on the sample surface. In agreement with our qualitative discussion above, we found that the spatial coherence reduced monotonically with increasing pump area or decreasing scattering mean free path. Larger pump area or shorter mean free path led to a more isotropic excitation volume and a greater number of lasing modes, both resulting in lower spatial coherence. This study reveals two methods to reduce the spatial coherence of random laser emission: increase the concentration of scattering elements or enlarge the pump spot size.
We also measured the spatial coherence as a function of the spatial distance between the pairs of points imaged to the separate slits. Experimentally, the magnification of the imaging optics between the sample and the double slit was changed by moving the lens SL3 and the double slit screen, so that pairs of points on the emission spot with varying separation were imaged onto the double slit. The data presented in the inset of fiugre 3 were taken from the sample with l s =500 μm and d=215 μm. This corresponded to the elongated excitation volume shown in figure 2. We observed vertical interference fringes at each magnification considered; however, the visibility of the fringes, and thus the degree of coherence was found to decrease with the spatial distance between pairs of points imaged to the separate slits. This observation indicated that the individual lasing modes had finite volume. When the coherence was probed between points separated by a larger distance, the intensity of a single mode was less likely to be equal at both points, and this amplitude imbalance led to the reduced fringe visibility. In the left column we present the lasing spectra collected at 3x and 8x the lasing threshold from the sample with a 500 μm mean free path, excited with a 215 μm diameter spot. Even well above threshold, we still observe discrete peaks, indicating that the number of lasing modes remains relatively constant. In the right column, we present the average cross section of the interference pattern collected with the magnification of the imaging optics set to 6, thereby providing a measure of the spatial coherence at a distance of 125 μm. The degree of coherence remains fixed, even well above the lasing threshold.
We also investigated the effect of increasing the pump intensity on the spatial coherence. We measured the interference fringes from the sample with a mean free path of 500 μm, excited with a 215 μm diameter spot with pump intensity ranging from 1× to 10× the lasing threshold. The magnification was set to 6, thereby measuring the coherence at a distance of 125 μm. Two representative measurements are shown in figure 4 . We found that the spatial coherence remained almost constant as a function of the pump intensity. We also found that the lasing spectra, as shown in the left column of figure 4, continued to exhibit discrete peaks, even at 10× the lasing threshold. This observation agreed well with previous studies of weakly scattering random lasers in which spatial and spectral hole burning were found to limit the number of lasing modes, even well above threshold 16, 17 . Since the number and spatial orientation of the lasing modes did not change significantly with the pump intensity, the degree of spatial coherence remained almost constant.
CONCLUSION
In summary, we performed the first systematic, experimental investigation of the spatial coherence of laser emission from disordered media. We found that the spatial coherence of random lasers varies significantly with the scattering strength and the pump area. These observations were explained in terms of the number and characteristics of the random lasing modes, as dictated by the scattering length and the size and shape of the excitation volume. Based on these results and understanding it is possible to control the spatial coherence of random laser emission. This work demonstrates the feasibility of utilizing random lasers as intense, spatially incoherent light sources for applications in which spatial crosstalk or speckle limits performance.
